SUMMARY Eighteen patients with coronary artery disease were divided into two groups according to whether their blood pressure decreased (eight, group 1) or increased (10, group 2) in response to treadmill exercise testing. Age and the extent and distribution of coronary artery disease were similar in the two groups. At rest, blood pressure, pulmonary artery wedge pressure, cardiac index, forearm vascular resistance, and oxygen consumption were similar in the two groups. During supine leg exercise on a bicycle ergometer mean blood pressure increased in group 2 but did not change in group 1. Increases in cardiac index, pulmonary artery wedge pressure, and oxygen consumption during leg exercise were not significantly different in the two groups but forearm vascular resistance increased less in group 1 than in group 2. There was a positive correlation between the magnitude of the change in mean blood pressure and change in forearm vascular resistance during leg exercise. The impaired response of blood pressure to leg exercise in group 1 was not the result of a failure of the cardiac index to increase.
In some patients with severe coronary artery disease the response of blood pressure to exercise is impaired.'`The mechanisms for this are not known, although many believe that acute, ischaemia induced pump failure is responsible.'4 But we know of no study that shows a decrease in cardiac output or the development ofacute pump failure during exercise in patients with severe coronary artery disease.
A report that hypotension did not develop with pacing induced angina in patients who had exertional hypotension accompanying angina' raises the possibility that the response ofblood pressure to exercise is impaired by altered control of vascular resistance during exercise rather than myocardial ischaemia itself. It has been suggested that exertional hypotenRequests for reprints to Dr Akira Takeshita, Research Institute of Angiocardiology and Cardiovascular Clinic, Faculty of Medicine, Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812, Japan.
Accepted for publication 12 August 1988 sion in patients with severe aortic stenosis may in part be the result offailure to produce reflex vasoconstriction in non-exercising muscles during exercise.'
We examined haemodynamic and forearm vascular responses to supine leg exercise with a cycle ergometer in patients with coronary artery disease who had a normal hypertensive response and in those in whom this response was impaired.
Patients and methods
We studied 18 patients with coronary artery disease (17 men and a woman, aged 39-72). Fourteen had a history of angina pectoris and 15 had had a myocardial infarction. In every patient coronary cineangiography showed coronary artery stenosis that reduced the luminal diameter by > 75%. No Okamatsu, Takeshita, Nakamura patients would be able to exercise for at least six minutes for a complete set of measurements. At least 20 minutes were allowed for patients to recover from diagnostic catheterisation. Aortic and pulmonary artery wedge pressures were recorded and cardiac output was measured by the thermodilution method before and during the last three minutes of exercise testing. The oxygen saturation of blood taken from the aorta and pulmonary artery was measured before and during the last minute of exercise testing. Oxygen consumption was calculated by multiplying the arteriovenous oxygen difference by the cardiac output. All patients completed six minutes of exercise testing without developing angina or severe dyspnoea.
MEASUREMENTS OF FOREARM BLOOD FLOW
Blood flow in the forearm was measured throughout ergometer exercise testing by a mercury in silastic strain gauge plethysmograph and the venous occlusion technique.8 A strain gauge plethysmograph was placed around the left forearm approximately 5 cm below the antecubital crease. The pressure in the cuff was 40 mm Hg.9 Circulation to the hand was stopped by inflating a cuff around the wrist to suprasystolic pressures when blood flow in the forearm was measured. We took the average offour to eight flow measurements made at 15 second intervals. Forearm vascular resistance was calculated by dividing mean aortic pressure (mm Hg) by forearm blood flow (ml/min/100 ml of forearm volume). These values are expressed as resistance units throughout this report. Forearm vascular resistances before exercise and during the last two minutes of exercise testing were compared. group.bmj.com on June 20, 2017 -Published by http://heart.bmj.com/ Downloaded from Impaired blood pressure response to exercise in patients with coronary artery disease *, **,*** p <0 05, p < 0-01, p < 0-001, respectively for rest v standing. $ p < 0-01, p < 0-001, respectively for standing v end of exercise. BP, blood pressure; HR, heart rate.
COLD PRESSOR TEST
We examined whether the impaired response of blood pressure to exercise in patients in group 1 was caused by non-specific abnormalities in neurogenic vasoconstriction by comparing the blood pressure response to the cold pressor test in six patients from each group. The patients lay quietly for 15 minutes before testing. When the basal blood pressure was Age and the frequency of a history of myocardial infarction were similar in the two groups. The extent and distribution of coronary artery disease were also similar, as were resting left ventricular end diastolic pressure and left ventricular ejection fraction.
RESPONSES TO TREADMILL EXERCISE (TABLE 2) Systolic, diastolic, and mean blood pressure and heart rate in recumbent and standing patients before the start of exercise testing were similar in the two groups. There was no orthostatic hypotension in either group. During treadmill exercise, systolic and mean blood pressure increased (p < 0-01 for each) in group 2 whereas in group 1 systolic blood pressure did not change and diastolic and mean blood pressure decreased (p < 0-001, and p < 0 01 respectively). The duration of exercise testing did not differ in the two groups.
RESPONSES TO ERGOMETER EXERCISE (TABLE 3) Measurements ofheart rate; pulmonary artery wedge pressure; systolic, diastolic, and mean blood pressure; cardiac index; systemic vascular resistance index; and oxygen consumption were similar at rest in the two groups. During ergometer exercise, heart rate, pulmonary artery wedge pressure, cardiac index, and oxygen consumption increased and systemic vascular resistance index decreased in both groups. Systolic, diastolic, and mean blood pressure increased during ergometer exercise in group 2 whereas they did not change in group 1. The sizes of the changes in pulmonary artery wedge pressure, cardiac index, systemic vascular resistance index, and oxygen consumption induced by exercise were not significantly different in the two groups. Heart rate during exercise was higher in group 2 than in group 1 but the size of the increase in heart rate induced by exercise was not different in the two groups.
CHANGES IN FOREARM VASCULAR RESISTANCE
DURING ERGOMETER EXERCISE (TABLE 4) Forearm blood flow decreased and forearm vascular resistance increased during leg exercise on a bicycle ergometer in group 2 patients but they did not Okamatsu, Takeshita, Nakamura significantly change in group 1 patients. The sizes of changes in forearm blood flow and forearm vascular resistance were significantly different in the two groups. There was a positive correlation between the increases in mean blood pressure and increases in forearm vascular resistance during ergometer exercise (y = 059x + 4-14, r = 071, p < 001) (figure). TO THE COLD  PRESSOR TEST (TABLE 5) Systolic, diastolic, and mean blood pressure increased with the cold pressor test in both groups. The increases in blood pressure with the cold pressor test were not significantly different in the two groups.
BLOOD PRESSURE RESPONSES

Discussion
From the results of this study we conclude that the impaired blood pressure response to ergometer exercise in group 1 was not the result of a failure to increase cardiac output and that the impaired blood pressure response to ergometer exercise was associated with less vasoconstriction in the nonexercising forearm. There was a positive correlation between the magnitude of reflex vasoconstriction in non-exercising forearm and the rise in blood pressure during ergometer exercise. These results suggest that impaired reflex vasoconstriction in non-exercising muscles may have contributed to abnormal blood pressure response to ergometer exercise in these patients with coronary artery disease.
Other cardiac disorders including obstructive valvar disease, particularly aortic and mitral stenosis, and severe left ventricular dysfunction may cause exertional hypotension. Exertional hypotension may Impaired blood pressure response to exercise in patients with coronary artery disease occur in association with exercise induced arrhythmias. However, none of these abnormalities was present in our patients. Drugs such as P blockers can also cause exertional hypotension.'0 Our patients were not on fi blockers. Three patients in group 1 were on isosorbide dinitrate in combination with diltiazem or nifedipine. These drugs do not reduce the increase in blood pressure that occurs with exercise." 12 Three patients in group 2 were on similar drugs but did not have impaired blood pressure response to exercise. Also it has been shown that exertional hypotension can occur in normal subjects at the beginning of exercise413 or during maximal exhaustive exercise.'415 In our patients blood pressure was measured after an average of minutes of submaximal exercise. Thus we consider that the impaired blood pressure response to exercise in our patients was probably related to coronary artery disease. Furthermore, blood pressure responses to the cold pressor test were similar in the two groups, which suggests that impaired blood pressure response to exercise in group 1 was unlikely to have been the result of non-specific autonomic dysfunction.
In this study the patients had two types of exercise testing. The patients were divided into two groups on the basis of the blood pressure response to treadmill exercise as in previous studies'0 13 and haemodynamic and forearm vascular responses to exercise were examined during supine leg exercise with a bicycle ergometer. This protocol was chosen because reliable measurements of forearm blood flow in a resting forearm were possible only with patients in a supine position. The workload on the ergometer was smaller than that with a treadmill so that all patients could exercise for six minutes and all the measurements could be completed. There were some differences in blood pressure responses between treadmill and ergometer exercise in groups 1 and 2 (tables 1 and 2), which were likely to have resulted from differences in workloads and body position. Patients with impaired blood pressure responses to treadmill exercise also had impaired blood pressure response to less demanding exercise on a bicycle ergometer.
We found that the increase in cardiac output during ergometer exercise was not significantly different in the two groups despite different blood pressure responses. Failure to increase cardiac output during exercise did not account for the impaired blood pressure response during exercise in group 1. The increases in pulmonary artery wedge pressure during ergometer exercise also were similar in the two groups, suggesting that the development of acute left ventricular pump failure in group 1 was unlikely.
Thompson and Kelemen reported that patients who had hypotension accompanying angina during treadmill exercise did not develop hypotension with pacing induced angina in the supine position.' These results suggest that impaired blood pressure response to exercise in their patients was unlikely to have been the result of the development of myocardial ischaemia itself. It was more likely to have been related to altered control of vascular resistance during exercise. The results of our study are consistent with this view. We found that there was less reflex vasoconstriction in the forearm during leg exercise with an ergometer in patients with impaired blood pressure response to an ergometer and to treadmill exercise than in patients who had a normal hypertensive response. Furthermore, there was a positive correlation between the increase in blood pressure and the degree of reflex forearm vasoconstriction during ergometer exercise. We believe that impaired reflex vasoconstriction in nonexercising muscles might have contributed to impaired blood pressure response to exercise.
We cannot be certain what mechanisms impaired reflex vasoconstriction in the forearm during leg exercise in patients who had impaired blood pressure response to exercise. Reflex sympathetic activation during exercise may be mediated by a somatic receptor reflex originating in exercising muscles.'617 It also has been shown that reflex sympathetic activation mediated by a somatic receptor reflex may be attenuated by simulation of the cardiac receptors.'8 '9 Thus an attenuation of reflex forearm vasoconstriction in patients who had impaired blood pressure response to exercise might have resulted from impaired somatic receptor reflex during exercise or from greater activation of the cardiac receptors. To examine the possibility that activation of the cardiac receptors during exercise might have been greater in patients with an impaired blood pressure response than in those with a normal hypertensive response, we examined the increase in pulmonary artery wedge pressure during exercise and the distribution of coronary artery disease. Cardiac receptors are stimulated by an increase in left ventricular diastolic pressure20 and there are more of them in the inferior wall of the left ventricle. 21 22 But the increase in pulmonary artery wedge pressure and the distribution ofcoronary artery disease were similar in the two groups. Further studies are needed to clarify the mechanisms that impair reflex forearm vasoconstriction during leg exercise in patients with impaired blood pressure response to exercise.
In summary, patients who had impaired blood pressure response to treadmill exercise also showed an impaired blood pressure response to less strenuous exercise on an ergometer. The impaired blood pressure response to ergometer exercise was not accounted for by a failure to increase cardiac 154 Okamatsu, Takeshita, Nakamura output during exercise but was accompanied by attenuated reflex vasoconstriction in non-exercising muscles. Although the mechanisms are not clear, the results of this study suggest that altered control of vascular resistance during exercise may contribute to impaired blood pressure response to exercise at least in some patients with coronary artery disease.
